Recent investigations have shown that Fe1+yTe1−xSex can be made superconducting by annealing it in Se and O vapors. The current lore is that these chalcogen vapors induce superconductivity by removing the magnetic excess Fe atoms. To investigate this phenomenon we performed a combination of magnetic susceptibility, specific heat and transport measurements together with scanning tunneling microscopy and spectroscopy and density functional theory calculations on Fe1+yTe1−xSex treated with Te vapor. We conclude that the main role of the Te vapor is to quench the magnetic moments of the excess Fe atoms by forming FeTem (m ≥ 1) complexes. We show that the remaining FeTem complexes are still damaging to the superconductivity and therefore that their removal potentially could further improve superconductive properties in these compounds.
Recent investigations have shown that Fe1+yTe1−xSex can be made superconducting by annealing it in Se and O vapors. The current lore is that these chalcogen vapors induce superconductivity by removing the magnetic excess Fe atoms. To investigate this phenomenon we performed a combination of magnetic susceptibility, specific heat and transport measurements together with scanning tunneling microscopy and spectroscopy and density functional theory calculations on Fe1+yTe1−xSex treated with Te vapor. We conclude that the main role of the Te vapor is to quench the magnetic moments of the excess Fe atoms by forming FeTem (m ≥ 1) complexes. We show that the remaining FeTem complexes are still damaging to the superconductivity and therefore that their removal potentially could further improve superconductive properties in these compounds. The interplay between magnetism and superconductivity in cuprate, heavy-fermion and iron-based superconductors has attracted intensive interest of the research community [1] [2] [3] . Superconductivity and magnetic ordering are usually considered to be incompatible. In the high-T c cuprates, long-range antiferromagnetic order in the parent compounds is suppressed by hole or electron doping before the emergence of superconductivity [4, 5] . It has been reported that superconducting states and spin-density-wave (SDW) states are close in the phase diagram [6] . Recent studies on Ba(Fe 1−x Co x ) 2 As 2 suggest the coexistence of the spin density wave state and superconducting state [7, 8] . The nature of the relationship between magnetism and superconductivity is under much debate. Density functional calculations show strong spin fluctuations in 11-structure iron chalcogenides [3] . Despite the competition between magnetism and superconductivity, in the 11-structure system, there is evidence for a coupling between spin excitations and superconductivity [9] . Therefore, exploring the role of magnetic impurities offers a pathway to better understand the mechanism of unconventional superconductivity in iron chalcogenides.
Reported studies have shown the enhancement of superconductivity by annealing iron chalcoginides with excess iron in different types of vapors, such as oxygen and selenium [10] [11] [12] [13] . Recently, the recovery of bulk superconductivity in annealed Fe 1+y Te 1−x Se x sample (under Te vapor) has been reported [14, 15] . The current lore is that the chalcogen vapor removes excess Fe during annealing. It is timely to investigate this assumption against microscopic measurements such as scanning tunneling microscopy. In fact, spatially resolved studies of impurities are particularly useful for such systems because of the critical role of inhomogeneity in the emergent states. High resolution scanning tunneling microscopy enables direct probing of the interplay between spatial superconducting inhomogeneity and impurities.
Here, we report that by annealing in Te vapor, the magnetic moment of the excess Fe impurities in the iron chalcogenide, Fe 1.05 Te 0.75 Se 0.25 , is reduced. The moment reduction appears to occur through an electronic hybridization of the excess iron with Te atoms from the vapor that results in the formation of a Fe-Te complex. The formation of this complex results in the recovery of bulk superconductivity. Local structure, electronic properties and the magnetic moment of impurities in the annealed Fe 1.05 Te 0.75 Se 0.25 sample in Te vapor (hereinafter referred to as "annealed Fe 1.05 Te 0.75 Se 0.25 sample") were investigated in detail by using scanning tunneling microscopy/spectroscopy (STM/S), density functional theory (DFT) calculations, and bulk measurements.
Single crystals of Fe 1.05 Te 0.75 Se 0.25 are grown from the melt using a modified Bridgmann method [16, 17] , and annealed under Te vapor (see the materials and methods section in supplementary S6 for the annealing procedure). X-ray data confirm the good quality of the single crystals and EDX measurements yield an excess iron concentration of about 4-5%. Furthermore, overall compositions at different spots on crystals before and after annealing were measured using EDX to study the annealing effect. By averaging over 6 spots (regions) on the as-grown and the cleaved shiny surface from the crystal treated in Te vapor (identical analysis geometry), there seems to be a systematic change. The as-grown crystal has an average iron content of 1 Fig. 1d ) [18] . As-grown Fe 1.05 Te 0.75 Se 0.25 crystals were annealed in Te vapor at 400
• C for two weeks. The annealed crystals exhibit a sharp superconducting transition at T c = 14 K (Fig. 1b,  1d ) in transport, low field magnetic susceptibility data, and heat capacity data (See supplementary Fig. S4 ). Furthermore, high temperature magnetic susceptibility measurements (Fig. 1c) show that the annealed sample of Fe 1.04 Te 0.75 Se 0.25 is much less magnetic than the asgrown one.
To study the influence of the impurities on superconductivity, besides bulk superconductivity measurements, we perform local imaging and spectroscopy measurements using STM/S. Annealed Fe 1.05 Te 0.75 Se 0.25 single crystals were cleaved in ultrahigh vacuum at room tem- perature (RT) and loaded into the microscope stage to cool down overnight to low temperatures (the microscope stage cooled with liquid helium). The topographic STM images (Fig. 2a, Fig. 3a , and supplementary Fig. S1a ) reveal typical small bright and dark patches, which are attributed to Te/Se clustering on cleaved chalcogenide surfaces [19, 20] . Furthermore, there are extra bright spots in the images. Previous studies of extra bright spots have been reported on a Fe 1+δ Se 1−x Te x cleaved surface, suggesting that the existence of extra bright spots is likely due to excess iron [19] . By examining the impurities and the local electronic properties in combination with theoretical calculations, we are able to clarify the nature of these impurities on the annealed Fe 1.05 Te 0.75 Se 0.25 sample.
We perform scanning tunneling spectroscopy to study the local electronic structure of the impurities. The image in Fig. 2a shows a topographic area of cleaved we observe no structural feature in the larger blobs. It is possible that the compositions in larger blobs are even more complex, and may evolve from the clusters of excess Fe-Te during annealing. Figure 2b shows two typical dI/dV spectra taken on the top of an impurity and the pristine area, respectively. The superconducting coherence peaks vanishes at the impurities (the black curve), while in pristine areas away from the blob the superconducting gap and coherence peaks are clearly revealed by inspecting the red curve in Fig. 2b . We also conduct our investigation of local impurities by zooming in the box in Fig. 2a to obtain a high-resolution image of the cluster (Fig. 3a) . This topographic image shows a pristine surface with a clear square lattice accompanied by a cluster of impurity in the middle of the image. The line profile (Fig. 4b) along the horizontal dashed line (Fig.  4a) shows a cluster width of about 1.5−2 nm with height of about 1.0−1.5Å .
Density functional theory (DFT) calculations were carried out to investigate these impurities. A single Fe interstitial atom on a FeTe surface (Fig. 3c ) prefers a location in the middle of four-chalcogenide atoms on the surface with adsorption energy of 4.12 eV, at a height of ∼0.3 A below the surface Te-atoms. During annealing in Tevapor, Te atoms could be introduced into the material, either forming excess Te or binding with Fe interstitial to form FeTe (or FeTe m with m > 1) complex [14, 15] . The adsorption energy of a single Te-atom on the FeTe surface is 1.20 eV, whereas it is more strongly adsorbed by 1.94 eV on the interstitial Fe-atom on the surface to form a FeTe-complex. This single FeTe complex on the surface of FeTe film has geometry as shown in Fig. 3d . The FeTe bond length is 2.47Å . The adsorption energy of such FeTe complex is 2.61 eV, suggesting that it remains strongly adsorbed to the surface, instead of being removed into the gas phase. The presence of a Teimpurity above the FeTe surface is consistent with the protrusion at the impurity seen in STM experiments.
Most interestingly, the Fe-atoms in FeTe complex are much less magnetic, with a moment of ∼0.2 µB, over 10-times less than ∼2.3 µB seen in an isolated excess Fe-impurity. As seen in supplementary Fig. S3b , the theoretical integrated magnetization density on excess Fe atom is suppressed over the entire energy range when it is bonded to a Te-impurity. Because of the effect that Te covalently binds with Fe, and reduces its magnetic moment, this provides an explanation for the reduced magnetic scattering for the samples annealed under chalcogenides vapors (or any other atomic gas that can favorably bind with Fe-atom). While the calculations were done on a perfect surface, a covalently bonded FeTe complex would have reduced local moment even when it is adsorbed in the bulk sample. Further, larger FeTe m (m > 1) complexes could also form on the surface, quenching the Femoment even further. This would also lead to a reduced magnetic susceptibility, as seen in the experiments. This finding, combining with other evidences, strongly implies that the recovery of superconductivity in annealed sample is most-likely related to the reduced moment of these impurities. During annealing under Te vapor, the excess Fe can strongly attract and react with Te from the vapor. The overall conclusion is that annealing leads to the formation of FeTe m (m ≥ 1). The connection between our simulation and our experimental data is on a qualitative level. Qualitatively our simulation shows (a) there is a strong tendency for the excess Fe to attract an excess Te, and (b) the presence of the excess Te will quench the magnetic moment on the excess Fe.
To analyze the effects of the FeTe m impurities on the superconductivity, we perform scanning tunneling spectroscopy. In Fig. 4a we present a map of the superconducting gap, for the topographic area adjacent to an isolated FeTem impurity shown in Fig. 3a . The gap map was obtained by performing the gap-fitting procedure similar to the method reported in reference [21] , as outlined in references [17, 22] . The gap map clearly visualizes that superconductivity is suppressed at sites of Fe/Te aggregation. The superconducting gap feature dramatically changes around the impurity. Spectra measured around the impurity, reveal either the V-shaped spectra in some areas near the impurity same as the black V-shaped curve in Fig. 2b , or more interestingly spectra with conductance peaks near the Fermi level as The dI/dV spectra measured near and away from the impurity along the arrow mark in Fig 3a, showing the suppression of superconducting gap around the impurity. More interestingly, around the impurity, we also observed that impurity-induced states (indicated by green and pink arrows) appear in the dI/dV spectra with the suppression of the superconducting gap, when tip approaching to the impurity. The top dI/dV curve was taken near the impurity, at the location marked with the white dot in a, which is set as the reference spot (0Å ). The distance marked for each curve, indicates the linear distance away from the reference spot toward the left side. The set-up conditions for the spectra is V = 50 mV, I t = 150 pA, V mod = 0.5 mV. The spectra have been smoothed for better illustration.
shown in the top curve in Fig. 4b in other areas near the impurity. Both types of spectra indicate the suppression of superconductivity around the impurity. Song et al. observed in-gap resonance peak induced inside coherence peak for single iron ad-atom on FeSe [23] . Here, for Fe 1.05 Te 0.75 Se 0.25 after annealing in Te vapor, we see the conductance peak around the impurity; however the superconducting coherence peaks disappear. Figure 4a shows that around the impurity, the superconducting gap is greatly suppressed towards 0 meV as indicated in blue. Away from the impurity, the superconducting gap appears with large sizes of about 4−5 meV as indicated in red. Previous studies have reported gap values (∆) for iron chalcogenides, 1.7 meV for Fe(Te,Se) [24] , 2.2 meV for FeSe [23] , and ∼ 2−4 meV for FeSe 1−x Te x [25] . The gap sizes of 4−5 meV shown in the gap map are near the high value side of the above reported values, which may be due to disorder on our samples. It is clear that the impurity locally suppresses the superconductivity around it.
As demonstrated in the theory by Abrikosov and Gor kov [26] , magnetic impurities suppress superconductivity. In terms of experiments, Yazdani et al. reported the experimental STM/STS studies on Mn, Gd, or Ag ad-atoms on an Nb surface, to explore the effects of impurities [27] . While both magnetic Mn and Gd ad-atoms on the Nb surface enhance conductance around zero bias and locally destroy the superconductivity, nonmagnetic Ag ad-atoms show no effect on the superconducting state on the Nb surface. The latter is a consequence of Andersons theorem which states that nonmagnetic impurity does not affect critical temperature in isotropic s-wave superconductors [28] . However, in a sign changing superconductor, as the Fe based superconductors are generally believed to be, FeTe m impurity complexes with reduced magnetic moments can still act as strong scatters that locally destroy the supercondcutivity and induce impurity states [29] [30] [31] [32] .
Indeed the presence of in-gap impurity states is revealed in Fig. 4b , which shows the dependence of dI/dV spectra upon lateral distance to the impurity. Far away from the impurity (at about 39Å ) coherence peaks can be clearly distinguished as marked with the black arrows in the bottom curve of Fig. 4b . Toward the impurity, the coherence peaks are suppressed with a rising structure within the gap which first appears in the electron part of the spectrum at negative bias and then moves to near the zero bias or even the hole side at positive bias (see green and pink arrows at ∼ +/− 2 meV). The spectral magnitudes/weights of the in-gap impurity states depend on the distance from the impurity. Such an impurity-induced distance dependent local breakdown of the particle-hole symmetry has been reported before, which exhibits either hole-or electron-like dominant peaks in dI/dV spectra [31, 33, 34] . A particularly rapid shift between electron-and hole-like spectral weights is seen by comparing the top two dI/dV spectra in Fig. 4c that are about 2.6Å away from each other. Such in-gap impurity states with rich spatial and energy properties are not only fascinating, but also contain critical information on the structure of superconducting gap [35] [36] [37] .
The area (shown in supplementary Fig. S2 ) where the concentration of FeTe m complexes is significantly higher than in the region shown in Fig. 2(a) , is found to be non-superconducting. Therefore we can conclude that the effect of the FeTe m complexes is not just limited to suppressing the superconductivity locally, at the nanometer length scale. The FeTe m complexes apparently also conspire together to degrade the superconducting properties in much larger regions of the material. This suggests an intriguing possibility: removing the remaining FeTe m complexes from the superconducting regions may offer a new way to further improve the superconducting properties of the iron chalcogenides. It could very well be that the remaining FeTe m complexes are the limiting factor for the superconducting performance of vapor treated Fe 1+y Te 1−x Se x and that their elimination could further improve superconductive properties in these compounds. How the FeTe m complexes could be taken out of the vapor treated iron chalcogenides of course remains to be seen, but the discovery of their existence and the understanding of their destructive influence on the superconductivity have formed the first steps in this direction.
To summarize, we investigate the magnetic and superconducting properties of Fe 1.05 Te 0.75 Se 0.25 annealed in Te vapor. Using STM/S, theoretical calculations, and bulk measurements, we show that the moments of excess iron atoms are quenched due to the formation of FeTe m (m ≥ 1) complexes during the annealing process. Furthermore, the remaining FeTe m complexes still locally suppress the superconductivity. Therefore, we envision that in future experiments there is still room to further improve superconductive properties by not only removing the magnetic moments of the excess Fe impurities, but also the complexes themselves that they form with the Te impurities.
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